In Europe, polypropylene-insulated HV class cable with high temperature and no cross-linking was commercialized following the MV class. Our company also started a study of the polypropylene-insulated cable in 2013 and was carried out thermal, physical and electrical test. In addition, polypropylene-insulated cable was tested for compatibility with conventional joints and terminations in emergency condition and the accelerated life test for verifying their design life is in progress. The results of this study will be used to establish a standard specification and operation conditions of the polypropylene-insulated cable.
I. INTRODUCTION
MV cables of our company have been developed in the order of CNCV, CNCV-W, TR CNCV-W, TR CNCE-W by improving on the structure of the insulation to prevent the cable failure caused by the phenomenon of water tree.
However, improvement of the heat resistance of insulation material was not achieved. Incineration or landfills are needed because XLPE is difficult to recycle as thermosetting resin. The methane gas generated in the cross-linking step is also the risk of fire as well as harmful to the human body. Polypropylene is the most suitable material considering the electrical and physical properties as mentioned above. Polypropylene is an economical cost reduction effect of the reinforcement of the power system is greater because more current to flow in the cable of the same cross-sectional area when operating at high temperature. It's no cross-linking properties can be reduced the emission of greenhouse gases from the cross-linking step. In addition, it is reduced to the residual gas to cause the failure of the joints.
Currently in Europe, polypropylene-insulated cable is commercially available up to 150 kV transmission level and HVDC cable is conducting the type test.
Our company started a development of polypropyleneinsulated cable in cooperation with domestic cable manufacturer in 2013. Polypropylene-insulated cable was tested for compatibility with conventional joints in emergency condition and its accelerated life test for verifying their design life is in progress.
In this paper, we would like to inform the national and international developments of polypropylene-insulated cables and introduce research performed in our company.
II. DOMESTIC AND INTERNATIONAL DEVELOPMENTS
In accordance with the international trend to emphasize the environmental friendliness, LS Cable was developed polypropyleneinsulated cable in 2010 but did not carry out life assessment and field applicability evaluation. Although other companies also developed a no cross-linking polyethylene-insulated cables have not been commercialized as a result did not meet the required performance. On the other hand, in overseas it has been made to develop a material for replacing XLPE actively.
The United States has already developed operation conductor temperature of 105°C temperature grade TR-XLPE insulated cable but its actual application performance is negligible. Although Japan has developed a polypropylene-insulated cable in 2001 and performed the electrical test such as a withstand voltage, impulse and the dielectric loss tangent, it was failure to commercialize because it was expensive compared to XLPE and had a flexible problem.
However, in the case of Europe, Italy Prysmian group has obtained the test results that Polypropylene-insulated cable were more than equal level with XLPE in 2003. Then it is succeeded in commercialization by applying the real system of ENEL which is the Italian power distribution company in 2006. In addition, they obtain successful results by completing of the long duration test (500 Hz, 3000 hours) on MV cable with Al conductor and assessing the compatibility between existing XLPE cables and joints [1] . They announced that 150 kV power cable is in use at the real system of the Terna which is Italian transmission company and has been performing type test of 320 kV DC cable in 2015 [2] [3] .
Current production is reported that up to 28,800 km and is in use in Spain as well as Italy and the Netherlands. In particular Italy and the Netherlands established relevant standards.
III. KEPCO'S DEVELOPMENTS
Our company and LS Cable have launched a research project titled "Development of Maximum Operating Temperature 110°C Underground Distribution Cable and Test". First of all, we measured DSC (Differential Scanning Calorimetry) of Polypropylene to confirm heat resistance. As shown Fig. 3 , Tm of the polypropylene with 110 degree of operating temperature is 163°C and Tm of XLPE with 90 degrees of operating temperature is 107°C. Polypropylene is confirmed available for use at high temperatures. If operation temperature increases up to 110°C, ampacity can be increased to 10% more comparing to XLPE. Its thermoplastic properties are possible to recycle and no crosslinking characteristics can reduce the greenhouse gas emissions. The initial performance evaluation, long-term reliability evaluation and field applicability evaluation of the insulation material change are essential. Initial performance of new insulation should be verified through thermal, electrical and mechanical tests and should be verify degradation and life characteristics of cable through the accelerated cable life test.
It is also important to field applicability evaluation of the problems that can occur during installation and connecting existing cables and accessory. The fourth prototype cable was produced with improving the manufacturing process and then prototype cables of each step have been tested. Our company constructed the largest domestic cable distribution level accelerated aging test equipment that have tank shape, Max voltage 60 kV, Max current 2 kA, frequency 60/500 Hz to change the acceleration stress. It can be test four experimental conditions at once (Fig. 4) .
The design and assessment of Polypropylene-insulated cable are as follows.
A. Design
The cable is designed as same as conventional cable 22.9 kV as shown in Fig. 5 . We designed for overlaying structure and the copper conductor to remove heat and partial discharge problems of the test sample due to human error that may occur in the evaluation of a prototype although our company use TR CNCE-W Al 400 mm 2 . With change of insulation material from XLPE to PP, the inter and the outer semiconductor were also applied to polypropylene resins [4] [5].
B. Thermal degradation test
In order to understand degradation characteristics of the material of the insulator, a thermal degradation test was conducted and material property and electrical evaluations were conducted. The primary prototype cable was cut by 50 cm and put in an oven at constant temperatures (110, 130 and 150°C). The samples extracted by expiration time were processed in a ribbon type, and the status of degradation was evaluated by Oxidation Induction Time (OIT), mechanical property and insulation breakdown voltage. Test results are like Fig. 6 through Fig. 9 . As the oxidation inhibitor to prevent degradation was consumed by time progress, it is found that, as the oxidation inhibitor to prevent degradation by each elapsed time is consumed, the oxidation induction time decreases. In order to check the change of mechanical property, tensile strength and elongation rate were measured, and they exceeded KEPCO criteria before/after degradation, and regardless of temperature and time, it showed excellent characteristics. In addition, as a result of an evaluation of dielectric strength with a Mackeon electrode, as compared to the reference sample, the value was almost similar at 110°C, and the value on 3 days was measured lower than reference sample on 3 days at 130°C, but the initial characteristic dielectric strength increases. At 150°C, a material limit appeared 10 days later and was similar to reference sample. It was found that the performance did not decrease in the thermal degradation as compared to reference sample.
C. Field Applicability Evaluation
A field applicability evaluation of the polyethylene insulated cable was carried out by a cable degradation status evaluation at an emergency operating temperature and an evaluation of compatibility with the conventional accessory. For a comparison of performance, it was evaluated like the XLPE insulated cable. The test condition is distribution class phase voltage 13.2 kV, and after application for 72 consecutive hours at 130°C, a cyclic operating test was conducted with conductor temperatures, 8 hours @ 130 °C and 16 hours @ 90°C at 1 cycle. The test was conducted with the cables and cables with joints sample, respectively, and during the test for 60 cycles, no insulation breakdown occurred. As a result of an observation of appearance after 60 cycles, a transformation of the appearance of XLPE was observed by the suppression of the neutral conductor, and the insulator color turned from light blue to yellow, while no change in the structure or color in Polypropylene was observed. In addition, as a result of an evaluation of electrical performance, dielectric strength of polypropylene was 35 kV/mm, and that of XLPE was 21 kV/mm. Its electrical dielectric strength was higher than that of XLPE. In case of joint samples, both XLPE and polypropylene passed impulse and AC dielectric test, and it was found that there was any problem in compatibility with the conventional joint, and it would be utilized as a technical base for establishing an emergency operating basis.
Here, XLPE should be operated at an emergency operating temperature 130°C, shorter than 72 hours in 1 year and shorter than 1,500 hours in the life time, and in this experiment, there was no problem with 72 hours, but in a cyclic operation, when it was cyclically operated at 130 degrees for 60 cycles, its dielectric strength and external change occurred, so it is judged that an additional checking of its operating hours would be necessary.
D. Accelerated cable life test
If a cable is developed, it is necessary to verify its design life. Verification of the design life is the verification of cable insulation degradation, in other words, tolerance of water tree in the working condition, which includes ACLT (Accelerated Cable Life Test) and AWTT (Accelerated Water Treeing Test). Our company carries out inspection of distribution class cable applying ICEA S 94-649 AWTT. In the meantime, since AWTT takes one year's time [6] , studies of time shortening have been conducted internationally, and CENELEC HD620/605 applying 500 Hz frequency acceleration states in test specifications that 50 Hz 17,520 hours or 500 Hz 3,000 hours may be chosen in a long duration test [7] . If a 500 Hz acceleration test is applied, the test period is shortened from 1 year to 4 months, so it has a merit that manufacturers and power companies can save time and cost. This study conducts a 500 Hz, 3,000-hour test of a long duration test of polypropylene-insulated cable prototype along with AWTT and evaluates the status of degradation by measuring VLF tanδ each 500 hours. Like Fig. 16 , it is found that, with the progress of hours, VLF tanδ value increases. In this result, long-term reliability can be secured by the number of elapsed years of the cable on the site through length compensation and statistical analysis. In addition, the acceleration coefficient for stress factor is calculated and can be utilized in evaluating the material life of the insulator and developing insulation diagnostics. Once the test is completed, after an AC BDV test, the final dielectric strength will be evaluated, and test specification and reference value of the polypropylene-insulated cable will be established.
IV. CONCLUSION
As a result of carrying out material and electrical evaluations of polypropylene-insulated cable and the field applicability evaluation, despite degradation has progressed according to the elapsed time by temperature in a thermal degradation test, dielectric strength and mechanical properties showed successful results satisfying the KEPCO criteria. What is further noticeable is that it was found that the dielectric strength of the cable and the electrical characteristic of the accessory meet the KEPCO reference value at an emergency operating temperature, and they are higher than those of the XLPE insulated cable under the same conditions. Along with this, once a long-term reliability test is completed, which can verify the design life of the polypropylene insulated cable, a technical base is prepared, which can establish test specifications and criteria. In the future, this result will be utilized in establishing specifications and operating basis of the polypropylene insulated cable by analyzing even accelerated life test comprehensively in addition. 
